Background--Cardiac cell therapy has been proposed as one of the new strategies against myocardial infarction. Although several reports showed improvement of the function of ischemic heart, the effects of cell therapy vary among the studies and the mechanisms of the beneficial effects are still unknown. Previously, we reported that clonal stem cell antigen-1-positive cardiac progenitor cells exerted a therapeutic effect when transplanted into the ischemic heart. Our aims were to identify the cardiac progenitor-specific paracrine factor and to elucidate the mechanism of its beneficial effect.
M
any randomized controlled clinical trials have demonstrated that cell therapy improves the function of ischemic heart. However, the results are inconsistent among the trials. One reason for improvement is said to be procedure-related variables. Thus, the establishment of optimal protocol regarding to the cell source, timing of transplantation, and delivery methods is awaited. 1, 2 In addition to these technical issues, it has been recognized that an understanding of the mechanism of action is important to overwhelm the current limitation of cell therapy. Recently, the secretion of factors with paracrine effects by the transplanted cells has been considered as one of the mechanisms of the beneficial effects of cell therapy. 3 Previously, we reported that among cardiac progenitor cells, bone marrow mononuclear cells (BMs), skeletal myoblasts (SMs), and adipose tissue-derived mesenchymal cells (AMCs), transplantation of cardiac progenitor cells (CPCs) most effectively prevents cardiac remodeling and dysfunction. 4 The superior effect of CPC transplantation was based on both transdifferentiation of transplanted cells and paracrine mechanism. Recently, we have identified soluble vascular cell adhesion molecule 1 (VCAM-1), which was secreted in a large amount from CPCs but not AMCs, attenuate cardiac remodeling after myocardial infarction (MI) through the promotion of angiogenesis and survival of cardiomyocytes. 5 Various types of cells, such as BMs, SMs, AMCs, and CPCs, secrete many kinds of distinct proteins according to their organ-specific profile. Therefore, it is conceivable that comprehensive analysis of secreted proteins from different cell sources may help us to find a new paracrine factor that can ameliorate cardiac function through cytoprotective and angiogenic potential or even some unidentified mechanisms. We analyzed secreted proteins from CPCs, BMs, SMs, and AMCs by using a cytokine antibody array. Among 144 cytokines, we identified that junctional adhesion molecule-A (JAM-A), VCAM-1, and granulocyte-colony stimulating factor were exclusively released from CPCs. JAM-A is a component of the junction of epithelial and endothelial cells, and recently it was reported that the soluble form of JAM-A regulates transendothelial migration of leukocytes. 6 We examined the potential mechanism of CPC transplantation from the facet of JAM-A-mediated anti-inflammatory effect by using a mouse MI model.
Methods Animals
Wild-type mice (C57Bl/6J, 10 to 12 weeks) were purchased from Japan SLC. All protocols were approved by the Institutional Animal Care and Use Committee of Chiba University Graduate School of Medicine and the Japanese Government Animal Protection and Management Law (No. 105).
Preparation of Cells
CPCs are clonal cells established from adult mouse heart stem cell antigen-1-positive cells as described previously. 4, 7 CPCs were cultured in Iscove's modified Dulbecco's medium (Life Technologies) with 10% FBS and passaged before reaching confluence. AMCs were isolated from adult mice as described previously with a few modifications. 8 Briefly, white adipose tissues were digested at 37°C in PBS with 2.5 mg/mL Dispase (Life Technologies) for 45 minutes. After filtration through 25-lm filters and centrifugation, isolated AMCs were suspended in DMEM (Sigma-Aldrich) supplemented with 10% FBS and penicillin-streptomycin and cultured on 1% gelatin-coated dishes. AMCs after passages 3 to 5 were used. SMs were isolated from the hindlimbs of adult mice as described previously. 9 In brief, minced muscle tissues were digested in 0.05% trypsin-EDTA and cultured in F-10 medium (Life Technologies) with 20% horse serum and 2.5 ng/mL basic fibroblast growth factor (Promega) for 4 days. SMs were expanded in the medium with 20% FBS and used within 2 or 3 passages. BMs were harvested from adult mice. Mononuclear cells were subsequently separated by using Histopaque 1083 (Sigma-Aldrich), suspended in Iscove's modified Dulbecco's medium. Neonatal rat cardiomyocytes were isolated as previously described. 10 Cardiomyocytes were plated at a field density of 1910 6 cells/cm 2 on 10-cm culture dishes (BD Biosciences) and cultured in DMEM supplemented with 10% FBS. To obtain a chemotactic condition medium, cardiomyocytes were exposed to 12 hours of hypoxia (<0.1% O 2 5% CO 2 -95% N 2 ) in serum-free DMEM without glucose.
Animal Surgery and Cell Transplantation
The mice were anesthetized via intraperitoneal injection of 50 mg/kg sodium pentobarbital and ventilated with use of a volume-regulated respirator. MI was produced through ligation of the left anterior descending coronary artery with a 10-0 Prolene suture. Transplantation of CPCs and self-assembling nanopeptide (Puramatrix TM [PM] kindly provided from 3-D Matrix, Ltd) was performed as previously described. 4 Briefly, 10 lL of 0.1% PM-CPC mixture containing 2910 4 cells was directly injected into the border zone of infarct myocardium 2 times just after ligation of the coronary artery. Subsequently, 20 lL of 0.5% PM-CPC mixture containing 2910 4 cells was disseminated onto the surface of infarct area. To deliver soluble JAM-A protein into the heart tissue, 0.25 lg/lL recombinant mouse JAM-A Fc chimera (JAM-A Fc; R&D Systems) was mixed with PM and transplanted in the same way as the CPCs. The final concentration of JAM-A Fc in PM was 25 lg/mL. To detect the transplanted CPCs, they were infected with red fluorescent protein (RFP)-expressing retroviral vector as described previously. 4 
Cytokine Antibody Array
CPCs, AMCs, and SMs (1.0910 6 ) were seeded onto 10-cm dishes. After incubation for 12 hours in the appropriate medium supplemented with 10% FBS, cells were thoroughly washed with PBS 3 times and medium was changed to serumdepleted DMEM. Isolated BMs (1.0910 6 ) were seeded onto 10-cm dishes with serum-depleted Iscove's modified Dulbecco's medium. After incubation for 24 hours in serumdepleted medium, the supernatant was collected as conditioned medium (CM) and the contaminating cells were removed via centrifuge. The released cytokine was measured by using Mouse Cytokine Antibody Array (RayBiotech Inc and R&D Systems). The expression level of each cytokines was quantified by using Gene Pix 4000B (Molecular Devices, Inc).
Neutrophils Migration Assay
Human umbilical vein endothelial cells (HUVECs) ( 6910 5 ) were seeded onto 1% gelatin-coated transwell culture inserts with 3-lm pores (Corning) and grown for 2 days in 5% CO 2 at 37°C. Human polymorphonuclear leukocytes were isolated as previously described. 11 Briefly, whole blood was obtained from healthy laboratory volunteers. Leukocytes were separated from whole blood through dextran sedimentation and lysis of contaminating erythrocytes. Neutrophils were further purified by using Ficoll (Sigma-Aldrich) density gradient centrifugation. Isolated neutrophils were preincubated with either 10 lg/mL JAM-A Fc, 5 mL of CPC CM, or 5 mL of CPC CM with 1 lg/mL neutralizing anti-mouse JAM-A antibody (R&D Systems) for 30 minutes, washed, and added to the upper chamber (5910 5 cells in RPMI medium with 0.2% BSA).
A chemotactic gradient was created by the addition of 40 ng/ mL tumor necrosis factor-a (TNFa; R&D Systems) or hypoxic cardiomyocytes CM to the lower chamber. After 3 hours of incubation, transmigrated cells in the lower chamber were counted by using a hematocytometer. For the assay of the length of neutrophil tails, neutrophils were purified from bone marrow by using EASYSEP (BD Pharmingen) according to the manufacture's instruction. After preincubation with either 10 lg/mL JAM-A Fc, CPC CM, or CPC CM with 1 lg/mL neutralizing anti-mouse JAM-A antibody for 30 minutes, neutrophils (0.4910 6 cells) were seeded onto fibronectin-coated (20 lg/mL in PBS) coverslips for 10 minutes at 37°C followed by additional incubation with 5 nmol/L WKYMVm (Merck Millipore) for 20 minutes at 37°C. Cells were fixed with 4% paraformaldehyde for 20 minutes at room temperature and permeabilized with 1% NP-40 for 5 minutes. Actin was stained with rhodamine phalloidin (Life Technologies). Images were taken made with fluorescent microscopy (Axioskop 40; Carl Zeiss), the length of neutrophil tails was measured by using Adobe Photoshop software version 12.0 for Macintosh (Adobe Systems), and the frequency of cells with different tail size was examined.
Morphological Examination and Immunohistochemistry
The transversal sections (4 lm) from paraffin embedded formalin fixed tissue were subjected to Masson's trichrome staining. Fibrous infarct area was measured as described previously. 4 The paraffin sections were stained with anti-von Willebrand factor (vWF) (DAKO), and the detection of antibodies was performed by using VECSTATIN ABC kit (Vector Laboratories Inc) according to the manufacturer's instruction. Nuclei were stained with hematoxylin. For fluorescent immunohistochemistry, fresh frozen sections were fixed with 4% paraformaldehyde, treated with 0.1% NP-40 and 2% BSA in PBS, and stained with anti-Ly-6G (BD Pharmingen) or anti-myeloproxidase (MPO) (Abcam) antibody. For the detection of JAM-A, CD31, and Sca-1, fresh frozen sections were fixed with chilled acetone, treated with 10% donkey serum in PBS and stained with anti-JAM-A (Hycult Biotech), anti-CD31 (BD Pharmingen), or anti-Sca-1 (Ly6A/E, BD Pharmingen) antibody. For the detection of RFP-positive cardiomyocytes, the isolated hearts were perfused and fixed with PLP (periodate lysine paraformaldehyde) Solution Set (Wako) before being frozen and then costained with anti-RFP antibody (MBL) and anti-sarcomeric a-actinin antibody (Sigma-Aldrich). Antibodies were detected appropriate fluorescent conjugated secondary antibodies (Life Technologies or Jackson Immunoresearch Laboratory). Nuclei were stained with Hochst33342 (Sigma-Aldrich). Images were taken with the use of bright field and fluorescent microscopy (Axioskop 40; Carl Zeiss). JAM-A and CD31 immunofluorescence in the border and infarct areas were analyzed by using Adobe Photoshop software version 12.0.
Picrosirius Red Staining and Collagen Matrix Quality
Paraffin sections were deparaffinized and stained by using the Picrosirius Red Stain Kit (Polysciences, Inc) according to the manufacturer's instructions. The images of myocardial scar area were obtained through microscopy (Axioskop 40) with a polarizer filter to quantify thick, tightly packed collagen fibers as yellow-red and thin, loosely assembled, immature fibers as green. 12 The images were analyzed with the use of ImageJ software (National Institutes of Health) based on the hue component of the images, and the numbers of red, orange, yellow, and green pixels were calculated. 13 
Echocardiography
Echocardiography in spontaneous breathing mice was performed by using a Vevo770 (Visual Sonics) with a 25-MHz imaging transducer. Two-dimensional images and M-mode tracing were recorded from the parasternal long-axis view at midpapillary level to determine left ventricular internal diastole diameter (LVIDD) and left ventricular internal systolic diameter (LVISD). LV fractional shortening (FS) was calculated as %FS=[(LVIDDÀLVISD)/LVIDD]9100.
Dihydroethidium Fluorescence Analysis
The frozen sections (4 lm thick) were prepared and stained with 10 lmol/L dihydroethidium (DHE) in Krebs-HEPES buffer composed of (in mmol/L) 99.01 NaCl, 4. 
Knockdown of JAM-A Gene
Stealth small interfering RNA (siRNA) against mouse JAM-A was designed and purchased from Invitrogen. The sequence for siRNA was agugaaugaagaauucaugaaggcc. Negative controls for siRNA were purchased from Life Technologies. Transfection of siRNA was performed by using Lipofectamine RNAiMax (Life Technologies). Knockdown of JAM-A gene and reduction of JAM-A secretion were validated by using quantitative real-time PCR and ELISA (R&D Systems), respectively ( Figure 1 ).
Flow Cytometry
Cells were isolated from individual hearts as previously described. Briefly, the heart was rapidly removed, minced, and then digested for 20 minutes with prewarmed buffer containing 1% collagenase type 2 (Worthigton), 4.6 U/mL Dispase II (Life Technologies), and 2.4 mmol/L CaCl 2 . After the enzymatic reaction was stopped by adding 5 mL of cold PBS with 3% FBS, the cells were suspended in cold PBS with 3% FBS and then filtered through a 70-lm cell strainer. Cells were stained at 4°C for 30 minutes simultaneously with 2 colors using the following antibodies: fluorescein PE-Cy5-labeled rat anti-mouse CD45, FITC-labeled rat anti-mouse Ly-6G, and control rat IgG2b. All antibodies were purchased from eBioscience. Cell fluorescence was measured with EPICS ALTRA flow cytometer using EXPO32 software, version 1.2 (Beckman Coulter, Inc). Heart cell isolation and flow cytometry were performed on 3 mice per PM-, CPC+PM-, or JAM-A+PM-treated group.
Detection of Proliferative Endogenous CPCs and Cardiomyocytes
To label the proliferating cells, 50 mg/kg BrdU (SigmaAldrich) was intraperitoneally injected into the mouse shortly after creating MI. The mice were treated with PM or JAM-A+PM. Administration of BrdU was continued every 12 hours for 9 days. After 2 weeks, the hearts were excised, and paraformaldehyde-fixed frozen sections were subjected to immunohistochemical analysis as described here earlier. For BrdU detection, 12% HCl was applied for 10 minutes before anti-BrdU antibody (eBiosciences) was applied. For Nkx2.5 (Abcam) detection, Tyramide Signal Amplification Kits (Molecular Probe) were used according the manufacturer's instruction. The images were obtained with laser confocal microscopy (TCS-SP5 Ver2.0; Leica Microsystems).
Statistical Analysis
The normality and variance of data were analyzed adjusted with a P value of 0.05 as the rejection criterion. Results are presented as meanAESEM. Statistical significance was calculated by using the unpaired Student t test for comparison between 2 groups or by 1-way ANOVA-Tukey-Kramer post hoc test for multiple comparisons. To assess expression-level changes in CD31 and JAM-A over time, 2-factor factorial ANOVA was used. In cases where the data were not normally distributed and/or the variances were not homogeneous, the 
Results

JAM-A Is Dominantly Secreted From CPCs
Previously, we have shown that the injection of CPCs reduces infarct size and restores cardiac function in comparison with the injection of BMs, SMs, and AMCs and that the beneficial effects are mediated not only by cardiomyogenesis but also by angiogenesis and antiapoptosis effects. 4 This suggests that some of the humoral factors released from CPCs, but not from BMs, SMs, and AMCs, play an important role. When the quantity of secreted proteins from CPCs, BMs, SMs, and AMCs was measured by using a cytokine antibody array, CPCs secreted JAM-A, VCAM-1, and granulocyte-colony stimulating factor more than twice as much as did BMs, SMs, and AMCs (Table 2 ; total dataset presented in Table 3 ).
Soluble JAM-A Protein and CPC Conditioned Medium Prevent Transendothelial Migration of Neutrophils
Recently, it was reported that JAM-A is constitutively released from endothelial cells and epithelial cells via proteolytic shedding and inhibits neutorophil migration. 6 Therefore, we examined whether CPC CM inhibits migration of neutrophils through HUVEC-coated transwell filters toward the chemoattractants. TNFa induced a significant increase in the number of transmigrated neutrophils in comparison with control (control, 6.7AE0.33; TNFa, 15AE1.8: Figure 2A ). Preincubation of neutrophils with JAM-A Fc (4.7AE0.67) or CPC CM (3.3AE0.88) significantly inhibited transendothelial migration toward TNFa (Figure 2A ). It has been reported that cardiomyocytes release neutrophil chemoattractant such as interleukin (IL)-8 under hypoxia. 14 Hypoxia-exposed cardiomyocytes CM induced a significant increase in the number of transmigrated neutrophils in comparison with control (control, 7.7AE0.88; hypoxia CM, 27AE1.2: Figure 2B ). Preincubation of neutrophils with JAM-A Fc (6.0AE0.58) or CPC CM (7.0AE1.2) significantly inhibited transendothelial migration stimulated by hypoxia-exposed cardiomyocyte CM ( Figure 2B ). When CPC CM was pretreated with neutralizing anti-JAM-A antibody, the inhibitory effect of CPC CM on neutrophil migration under the stimulation with TNFa and hypoxia-exposed cardiomyocyte CM was significantly attenuated (TNFa, 8.7AE0.33; Figure  2A : hypoxia CM, 13AE0.33; Figure 2B ). This suggests that soluble form of JAM-A released from CPCs may play an important role in prevention of inflammatory response in ischemic myocardium through the inhibition of the extravasation of neutrophils.
Injection of CPCs Prevents Neutrophil Accumulation Through Secreted JAM-A
Next, we examined whether the injection of CPCs reduces accumulation of neutrophils after MI. Immunohistochemical images of the injured myocardium 1 day after MI revealed that fewer Ly6G-positive neutrophils were observed in CPC+PM-treated mice in comparison with PM-treated mice ( Figure 3A) . The number of Ly6G-positive neutrophils in the infarct area of CPC+PM-treated mice was significantly lower than that of PM-treated mice (PM: 378AE29/mm 2 ; CPC+PM:
202AE16/mm 2 , P<0.01. Figure 3B ). Flow cytometric analysis revealed that percentages of CD45 + Ly6G + neutrophils of total live cells were decreased in CPC+PM-treated mice (23.0%) in comparison with PM-treated mice (42.6%) at 1 day after MI ( Figure 3C ). We next examined whether CPC-derived JAM-A are involved in the prevention of neutrophil accumulation by RNA interference by using siRNA. We confirmed that siRNA selectively reduced the amount of JAM-A mRNA and secreted soluble JAM-A protein in CPCs ( Figure 1A and 1B) . When the expression levels of Ly6G gene was examined at 1 day after injection of PMs, CPCs+PMs, or CPCs transfected with JAM-A siRNA (JAM-AsiCPC)+PMs to MI heart, the expression levels of P<0.01; Figure 5D ). Flow cytometric analysis revealed that percentages of CD45 + Ly6G + neutrophils of total live cells decreased in JAM-A+PM-treated mice (13.0%) in comparison with PM-treated mice (23.6%) at 1 day after MI (Figure 6 ). These results suggest that JAM-A plays an important role in the prevention of neutrophil accumulation after MI as one of the CPC-derived paracrine factors.
Soluble JAM-A Mediates the Reduction of Infarct Size and Prevention of Left Ventricular Remodeling and Enhances Capillary Density
Next, we examined whether the beneficial effect of CPC+PM on the infarct size was mediated by JAM-A. When a mixture of JAM-A Fc protein and PM was injected into the infarct area, Masson's trichrome-stained myocardial images at 2 weeks after injection revealed that the infarct area of the heart treated with JAM-A+PM was smaller than that of PM-treated heart ( Figure 7A , PM and JAM-A+PM). Average infarct area was 40.4AE3.0% in PM-treated (n=15) and 25.0AE3.3% in JAM-A-Fc-treated (n=17) hearts (PM versus JAM-A+PM; P<0.01; Figure 7B ). When JAM-AsiCPC+PM was injected into the infarct area, Masson's trichrome-stained myocardial images at 2 weeks after injection revealed that the infarct area of JAM-AsiCPC+PM-treated heart was larger than that of CPC+PM-treated heart ( Figure 7A , CPC+PM and JAM-Asi-CPC+PM). Average infarct area was 26.1AE2.1% in CPC+PM-treated (n=16) and 37.7AE3.3% in JAM-AsiCPC+PM-treated (n=15) hearts (CPC+PM versus JAM-AsiCPC+PM; P<0.05; Figure 7B ). Echocardiographic measurement of hearts at 2 weeks after transplantation revealed that both LVIDD and LVISD of JAM-A+PM-and CPC+PM-treated hearts were significantly smaller than those of the PM-treated group. LVISD of CPC+PM-treated hearts was significantly smaller than that of JAMAsiCPC+PM-treated group. LVIDD of CPC+PM-treated hearts tends to be smaller than that of JAMAsiCPC+PM-treated group (Table 4) . These reductions were associated with significantly greater value of percent FS of JAM-A+PM-and CPC+PM-treated hearts in comparison with that of the other 2 groups (Table 4 ). These findings suggest that JAM-A is one of the paracrine factors released from CPCs that plays an important role in attenuating cardiac remodeling and dysfunction at 2 weeks after MI through the prevention of neutrophils accumulation.
To examine the effect of JAM-A on neovascularization in post-MI hearts, we examined the number of vWF-positive capillaries in the ischemic area of PM-and JAM-A+PM-treated hearts. At 2 weeks after transplantation, immunohistochemical staining for vWF indicated that more vWF-positive capillaries exist in the border and infarct areas of the JAM-A+PM-treated heart in comparison with the PM-treated heart ( Figure 7C ). The number of vWF-positive capillaries was 90.0AE12/mm 2 in PM-treated heart (n=3) and 141AE9.7/mm 2 in JAM-A+PM-treated (n=3) hearts in the border area (P<0.01, Figure 7D ). In the infarct area, the number of vWF-positive capillaries was 53.1AE4.2/mm 2 in PM-treated heart (n=3) and 94.7AE24/mm 2 in JAM-A+PM-treated (n=3) hearts in the border area (P<0.05; Figure 7E ). It has been reported that changes in fibroblastic properties during healing impact scar formation and that accumulation of the different collagens is connected with the impaired contractile function. 15 We measured qualitative changes in collagen fibers by staining myocardial sections with picrosirius red at 2 weeks after MI. Sirius red polarization microscopy revealed that the treatment with JAM-A+PM decreased the ratio of green to yellow-orange fibers; however, the difference did not reach the statistical significant level against the other 3 groups (Figure 8 ).
Injection of CPC Prevents Reactive Oxygen Species Production and Early Inflammatory Response
Neutrophils have been implicated as a primary mechanisms underlying ischemic injury. 16 Reactive oxygen species (ROS) production is one of the major processes that is involved in inducing tissue injury by neutrophils. 17, 18 To examine whether prevention of neutrophil accumulation by CPC+PM injection reduces ROS production, measurement of superoxide in myocardium submitted to MI was performed by using DHE. DHE fluorescence staining demonstrated that in the MI area, the DHE fluorescence intensity of the CPC+PM-treated group was lower than that of the PM-treated group ( Figure demonstrated in the infarcted myocardium. 20 The results of quantitative real-time PCR revealed that expression of neutrophil chemoattractants and proinflammatory cytokines was upregulated at 24 hours after MI with the injection of PM; however, expression levels of Cxcl1, Cxcl2, Cxcl3, and Il6 were significantly reduced in CPC+PM-treated MI hearts ( Figure 9C ). Expression levels of Ccl3 and Il1b also tended to be reduced in CPC+PM-treated MI hearts ( Figure 9C ). There was no significant difference in expression level of Tnf-a between PM-and CPC+PM-treated MI hearts (data not shown). The expression levels of the examined genes were decreased at 72 hours after MI, and no significant difference A C B Figure 9 . CPC transplantation attenuates ROS production and expression of various proinflammatory cytokines. A, Representative images from PM-treated and CPC+PM-treated hearts. At 1 day after MI, the heart sections were stained with dihydroethidium. Bars are 2 mm. B, Fluorescence intensity at infarct area. A heart section at the level of the largest infarct size was examined per mouse. An average of values obtained from 5 mice for each group was presented. For statistical analysis, Mann-Whitney U test was performed. Statistically significant differences between the 2 groups are shown by asterisks (*P<0.05). C, Gene expression of various proinflammatory cytokines at 1 day after MI. Expression level was shown as fold changes relative to sham operated mouse using delta delta CT method. The number of mice examined was indicated below each graph. The Kruskal-Wallis test, followed by the Steel-Dwass test, was used for statistical analysis. Asterisks above individual columns indicate significant difference compared with sham. Asterisks above a line spanning 2 columns indicate significant difference between 2 groups (**P<0.01 and *P<0.05). CPC indicates cardiac progenitor cell; DHE, dihydroethidium; MI, myocardial infarction; ROS, reactive oxygen species.
was observed between PM-treated and CPC+PM-treated hearts (data not shown).
CPC-Derived Soluble JAM-A Reduces Neutrophil Motility
After adhesion and diapedesis through endothelial cells, emigrated neutrophils infiltrate the myocardial tissues toward neutrophil chemotactic factors. Therefore, we next examined whether CPC-derived soluble JAM-A reduces the motility of activated neutrophils. In response to the chemotactic factors, neutrophils attach to the substratum and polarize, leading to the establishment of a distinct leading edge (pseudopod) and tail (uropod). 21 In order to maintain motility, migrating neutrophils must break adhesive contacts at the uropod and establish new contacts at the pseudopod. When cell migration is impaired, the uropod remained tightly anchored to the substratum and often become flat or elongated tails. 22 uropod longer than 10 lm ( Figure 10B ). On the contrary, treatment with JAM-AsiCPC CM or CPC CM+anti-JAM-A antibody abolished the effects of CPC CM and JAM-A FC on uropod length, resulting in the distribution of uropod length similar to the control ( Figure 10B ). These findings suggest that soluble JAM-A released from injected CPC reduces the motility of neutrophils, preventing their infiltration into myocardial tissue, and ameliorates tissue damage to the infarct heart through the prevention of excessive inflammation.
Discussion
We previously reported that CPCs are most effective for cardiac repair in comparison with SMs, BMs, or AMCs. 4 The dominance of CPC in part stems from not only their cardiomyogenic capacity but also unique paracrine factors. It has been reported that paracrine factors from transplanted cells are involved in various kinds of beneficial effects such as cytoprotection, angiogenesis, inhibition of fibrosis, and antiinflammation. 3 Here, we first reported that transplantation of CPC inhibited neutrophil infiltration after MI through the paracrine effect. We identified that JAM-A is exclusively secreted from CPCs and inhibited the emigration of neutrophils into myocardium, leading to reduction of oxidative stress and inflammatory response after infarction. In addition, we have shown that local delivery of JAM-A with selfassembling nanopeptides reduces cardiac remodeling after MI.
JAM-A is an immunoglobulin-like, PDZ binding domain containing transmembrane protein that is expressed in tight junction of endothelial and epithelial cells as well as leukocytes, including neutrophils, monocytes, and B-and Tlymphocytes. 23 JAM-A on endothelial cells associates through their extracellular domains with leukocyte function-associated antigen-1 and supports the adhesion and transendothelial migration of T cells and neutrophils. Although the mechanism by which JAM-A regulates leukocyte transendothelial migration is still unclear, Woodfin et al reported that JAM-A mediates neutrophil transmigration independent of other adhesion molecules such as intercellular adhesion molecule-2 and platelet endothelial cell adhesion molecule-1 through TNFa-mediated activation of leukocytes and endothelial cells in vivo. 24 Beside the membrane-tethered JAM-A, recently a soluble form of JAM-A and its anti-inflammatory effect have been identified. Koenen et al reported that soluble JAM-A is released from endothelial cells via proteolytic shedding by a disintegrin and metalloproteinases 10 and 17. This shedding process is enhanced by endothelial cell activation with TNFa and interferon-c, resulting in inhibition of neutrophil transmigration by released soluble JAM-A. 6 Thus, JAM-A and soluble JAM-A play important roles in regulating local inflammatory responses mediated by neutrophils.
The interface between neutrophils and endothelial cells appears to be a critical site of actions for soluble JAM-A, but that is not the case when CPCs or soluble JAM-A is directly delivered into myocardial tissue. Although a fraction of transplants may be excreted to the blood flow, it has been reported that PM effectively retains the cells or proteins in the injected site. 4, 25 Therefore, the mechanism through which soluble JAM-A reduces the number of extravasated neutrophils is not simply due to the inhibition of transendothelial migration. Recently, Cera et al reported that on activated neutrophils, JAM-A is internalized in intracellular vesicles at the leading edge and uropod where JAM-A codistributes with b1-integrin. Neutrophils derived from JAM-A-null mice were unable to correctly internalize and recycle b1-integrin during cell migration on chemotactic stimuli, and this caused impaired directional migration. 26 We have shown that treatment with soluble JAM-A reduces the motility of activated neutrophils (Figure 10 ), suggesting that soluble JAM-A secreted from CPCs may bind to its homophilic or heterophilic counterparts of JAM-A or b1-integrin on neutrophils, leading to failure of the colocalization of JAM-A and b1-integrin and correct turnover of b1-integrin on neutrophils when the migrate through the interstitial tissue of ischemic myocardium.
Immunohistochemical images of normal hearts revealed that JAM-A and Sca-1 are colocalized at perivascular cells as well as endothelial cells (Figure 11 ). The role of JAM-Aexpressing perivascular cells has not been defined yet, but it is conceivable that the Sca-1-positive perivascular cells, in which Sca-1-positive CPCs are included, may control the fate of infiltrated leukocytes by secreting soluble JAM-A and contribute to the regulation of inflammatory response in the heart. It is interesting to know the amount and localization of endogenous JAM-A following myocardial ischemia. As shown in Figure 12 , most of JAM-A was colocalized with CD31-positive endothelial cells of capillaries or those of smooth muscle actin-positive arterioles from day 1 to day 14 after MI ( Figure 12A , border area; Figure 12B , infarct area). Semiquantitative analysis of fluorescent intensity revealed that the time courses of the expression level of JAM-A and CD31 were parallel and peaked at 3 day in the border area ( Figure 12C ). In the infarct area, the time course of the expression level of JAM-A transiently parted from that of CD31 at day 3 and subsequently both peaked at day 14 ( Figure 12D ). The reason for the time course difference between JAM-A and CD31 in infarct area is unclear; however, taking into account the good colocalization of JAM-A with CD31-positive endothelial cells, the total amount of JAM-A in the ischemic area is mostly dependent on the level of vascularization after MI. CD31-negative nonendothelial JAM-A-positive cells were observed at day 3 in the border area and at day 14 in the infarct area (white arrowheads in Figure 12A and 12B). Although the identity and the role of these interstitial JAM-A-positive cells are uncertain, these cells may contribute to an endogenous anti-inflammatory system in the acute and late phases of ischemia.
Neutrophils have been implicated as a primary mechanism underlying ischemic injury. The processes involved in inducing tissue injury by neutrophils include oxygen free radical generation, degranulation and release of proteases, and release of proinflammatory mediators. 27 After the hypoxic or mechanical stimulus is applied, cytokines such as TNFa and IL-6 are rapidly released in ischemic and border zones. 28, 29 The inflammatory cytokines induce the expression of endothelial adhesion molecules, such as selectin families, VCAM-1, and intercellular adhesion molecule-1, and promote leukocyte adhesion to the vascular endothelium and subsequent transendothelial migration. 30 Neutrophils stimulated by inflammatory cytokines produce superoxide anions and hydroxyl radicals in a respiratory burst. 16 These oxygen free radicals promote the release of various kinds of proinflammatory chemokines from endothelial cells, cardiac fibroblasts, and other sources, leading to further enhancement of neutrophil adhesion and infiltration. 27, 31, 32 Among these chemokines, CXC chemokines, including CXCL1, and CXCL2, play a critical role in basal and inflammatory neutrophil locomotion, trafficking, and activation. 33, 34 Recent studies revealed that neutrophils secrete CXCL1, CXCL2, CCL4, and CCL3 in response to a variety of stimulants, including lipopolysaccharides, zymosan, and substance P, thereby recruiting more neutrophils and activating themselves using the autocrine mechanisms of CXCL1 and CXCL2 secretion, and then attracting monocytes by using CCL4 and CCL3. 35 Activated monocytes have been reported to inhibit neutrophil apoptosis through granulocytemacrophage colony-stimulating factor secretion. 36 McGettrick et al reported that neutrophils transmigrating through TNFaor IL-1b-treated HUVECs were strongly protected against apoptosis and that binding of b2-integrins after transmigration C D Figure 12 . Continued.
was necessary for the survival signal for neutrophils, suggesting that an inflammatory condition during endothelial transmigration and integrin-mediated adhesion after transmigration is essential for protection against neutrophil apoptosis. 37 In addition, it has been reported that the firm adhesion between cardiomyocytes and neutrophils through b2-or a4-integrins is The whole area of LV in a section through the long axis of the heart was examined per mouse: n=3 mice for PM-and n=4 mice for JAM-A+PM-treated group. Student t test was used for statistical analysis. E, Frequency of BrdU-positive cardiomyocytes in PM-and JAM-A+PM-treated hearts. The whole area of LV in a section through the long axis of the heart was examined per mouse" n=3 mice per group. Student t test was used for statistical analysis. CPC indicates cardiac progenitor cell; JAM-A, junctional adhesion molecule-A; LV, left ventricle; RFP, red fluorescent protein.
required for both the release of toxic mediators including ROS and the subsequent injury and dysfunction. 17, 18 Therefore, reduction of ROS generation and downregulation of inflammatory chemokines expression may inhibit further neutrophil accumulation and survival, resulting in a reduction in neutrophil-derived toxic mediators and a decrease in the contact between emigrated neutrophils, which may lessen the tissue injury. It has been reported that JAM-A is required for basic fibroblast growth factor-induced angiogenesis and is important in aVb3-integrin-specific endothelial cell migration on vitronectin. We have explored the other mechanisms involved in the reduction of infarct size. It is generally accepted that thin collagen, such as collagen type III, is immature and deposited predominantly during early remodeling, while thick collagen (collagen type I) predominates during late remodeling stages and contributes to scar maturation. 41 A sustained high ratio of green to yellow-red fibers means an excess of immature collagen matrix and correlates with deterioration of cardiac remodeling. As shown in Figure 8 , injection of JAM-A does not have a large effect on the composition of collagen fibers at least 2 weeks after MI. The adult mammalian heart posses a limited capacity for regeneration, but recently it was reported that several factors can simulate cardiac regeneration after injury. 42 We examined whether injection of JAM-A enhances cardiac regeneration through cardiac differentiation of transplanted CPCs, proliferation of endogenous CPCs, or cardiomyocyte division. When RFP-expressing CPCs were transplanted with PM or JAM-A+PM into MI heart, RFP and sarcomeric a-actinin double-positive cells were localized to epicardial lesion, where a mixture of CPCs and PM was overlaid (upper panels of Figure 13A ). A few double-positive cells were localized to the border area (lower panels of Figure 13A ). These doublepositive cells were small and showed no or immature sarcomere structure. There was no significant difference in the number of double-positive cells per section between PMand JAM-A+PM-treated groups (PM: 11.5AE5.7 [n=4]; JAM-A+PM: 24.3AE14 [n=3]; Figure 13B ). We examined the frequency of BrdU-positive endogenous CPCs, which were identified as Nkx2.5 positive and sarcomeric a-actininnegative cells ( Figure 13C ). There was no significant difference in the percentage of BrdU-positive CPCs in total CPCs between PM-and JAM-A+PM-treated mice (PM: 94.4AE5.6%
[n=3]; JAM-A+PM: 90.9AE5.5% [n=4]; Figure 13D ). Figure 13E ). These findings suggest that although a fraction of transplanted CPCs were engrafted and acquire cardiac phenotype, a large part of the beneficial effects of CPCs do not stem from cardiac regeneration in our model. In addition, JAM-A enhances neither the transdifferentiation of CPCs nor the intrinsic cardiac regeneration capacity after injury. We have shown that transplantation of CPCs or soluble JAM-A protein, but not JAM-A knockdown CPCs, ameliorates cardiac remodeling and expansion of infarct size. This suggests that blocking neutrophil infiltration through the inactivation of JAM-A could be therapeutically valuable for the ischemic heart disease. Studies in models of myocardial ischemia and hepatic ischemia-reperfusion of JAM-A-deficient mouse have demonstrated that JAM-A deficiency in polymorphonuclear cells inhibits transendothelial migration of leukocytes but not their rolling and adhesion to endothelial cells. 43, 44 Although neutrophil infiltration was inhibited, increasing vascular adherent leukocytes results in the disturbance of blood flow and release of inflammatory mediators, consequently causing more tissue injury in comparison with wild-type. 43, 44 Recently, Lakshmi et al reported in a murine model of acute lung injury that JAM-A knockout and treatment with anti-JAM-A blocking antibody fail to reduce oxidative stress or cytokine and chemokine levels in whole lung and have no effect on capillary leakage and lung edema, presumably reflecting the histologically observed retention of neutrophils in lung tissue. 45 The plausible explanation of discordant results between previous reports and ours are as follows: systemic deletion of JAM-A or intravenous injection of anti-JAM-A blocking antibody may subject the circulating neutrophils to lose tuned balance between adhesion and transendothelial migration, whereas myocardial injection of CPCs or soluble JAM-A protein may specifically affect the extravasated neutrophils without retention of neutrophils in microvasculature in the heart. A limitation of our study is a limited survival of transplanted CPCs. As shown in our previous report, the frequency of transplanted CPCs was only 0.21% at 7 days after transplantation. 4 When cardiac function of PM-and CPC+PM-treated groups was examined at 4 weeks after myocardial infarction, both LVIDD and LVISD of CPC+PM-treated group were smaller and percent FS of the CPC+PM-treated group was higher than that of the PM-treated group, although the measured values did not reach statistical significance (Table  5 ). The infarct size was 42.2AE2.6% in the CPC+PM-treated group (n=9) and 49.1AE4.8% in the PM-treated group (n=6). Although the infarct size of the CPC+PM-treated group was smaller than that of the PM-treated group, this finding did not reach statistical significance (Student t test). The reason for a lack of beneficial effects in a 4-week observation may stem from the poor survival of transplanted CPCs for a long period. However, we believe that good correlation between the survival time of transplanted CPCs and the phase of acute neutrophil accumulation indicates that JAM-A released from CPCs prevents deleterious effects derived from neutrophils during the acute phase of MI. Although many researchers have reported the detrimental effects of infiltrating neutrophils and inflammatory mediators on cardiomyocytes in the infarcted heart, therapy directed to mitigate inflammatory processes has been, in general, unsuccessful in clinical practice. 46 The results of methylprednisolone trial have been controversial, in that some have demonstrated efficacy of the drug to limit extension of evolving MI, while other results have been deleterious. 47, 48 The results of a clinical trial demonstrated that an antibody to CD11/CD18 leukocyte integrin receptor did not reduce infarct size in patients who underwent primary angioplasty after MI. 49 Several methods for JAM-A inhibition, such as genetic inactivation, blocking antibody, and soluble recombinant proteins, prevent inflammatory reactions in meningitis, peritonitis, skin, and ischemic injury of heart and liver in animal models. 6, 50, 51 However, the consequences of JAM-A targeting inhibition vary in different cell types and tissues, depending on the site (endothelium or leukocytes) and the mechanism (adhesion, diapedesis, or migration) of action. Systemic deletion of JAM-A gene or intravenous injection of JAM-A antibody caused retention of neutrophils on the vascular surface and, in some cases, aggregation in the capillaries. The permanence of neutrophils on the endothelial surface leads to the release of oxygen species and lytic enzymes, which aggravated tissue damage. [43] [44] [45] Here, we have shown that local administration of soluble JAM-A into ischemic myocardium inhibits neutrophil emigration, probably without disturbing microcirculation, which suggests its usefulness for the clinical application. Although direct injection of JAM-A into myocardium during the acute ischemic phase is difficult to conduct, recent advances in nanoparticle-mediated drug deliver system may enable the transport of soluble JAM-A across capillary endothelial cells by nanoparticle transcytosis following coronary injection. 52 In addition, it has been reported that a small inhibitory peptide targeting the JAM-A-aLb2 integrin interaction reduced leukocyte recruitment during postischemic inflammation in brain ischemia-reperfusion injury and reduced the lesion size. 53 Nanoparticles in which such a peptide inhibitor is encapsulated may be another choice for clinical anti-inflammatory strategy targeting JAM-A. The antiinflammatory peptides secreted from cardiac dormant cells may become a new candidate for the treatment of cardiovascular disease through the prevention of excess inflammation.
